The role of statin drugs in the reduction of serum lipids has been well documented. More recently, evidence suggesting that statins may positively affect many organ systems and disease states independent of lipid reduction has emerged [1, 2] . As inhibitors of 3-hydroxy-3-methylglutaryl coenzyme A reductase, statins inhibit the synthesis of products of the mevalonate pathway, such as isoprenoids and geranyl-geranyl pyrophosphate [1, 3, 4] . They have been shown to modify intercellular interactions and cellular chemotaxis of the immune system and reduce the release of cytokines and acutephase proteins. Recent review articles, evaluating mostly observational studies, suggest a potential beneficial role for statins in the treatment of sepsis and communityacquired pneumonia [4, 5] .
Influenza viruses are potent inducers of many biological mediators of inflammation [6] ; several proinflammatory cytokines have been positively correlated with the symptoms of clinical illness of influenza [7] [8] [9] , and cytokine dysregulation is regarded as a major contributor to the severe pathophysiologic changes seen in human disease caused by the avian H5N1 and the 1918 pandemic influenza viruses [10] [11] [12] [13] [14] [15] . Although statins have a theoretical benefit in downregulating the immune response associated with influenza virus infection, only a few studies have investigated their effect on influenza, and these have found mixed results. The first published study [16] made use of a healthcare research database of several moderate-sized health maintenance organizations in New Mexico. They found that recipients of moderate doses of statins ($4 mg/ day) had a 40% lower mortality from pneumonia and influenza than nonusers of statins. Another study that looked at the association between statins and pneumonia and influenza hospitalizations in elderly patients using administrative data from 10 influenza seasons in Ontario, Canada, found a statistically significant effect against influenza mortality, although the magnitude of the protective effect of statins was small (odds ratio [OR] , 0.87) [17] . A third study by Fleming et al looked at the effect of statins on the incidence of acute respiratory infections diagnosed largely in outpatient settings and did not find a benefit attributable to statin use [18] .
Given the inherent limitations of administrative data in these studies, specifically the difficulty in precisely ascertaining exposure and outcome, we sought to evaluate associations between statin medication administration and mortality in hospitalized patients by utilizing data from a population-based surveillance system that collects information about individuals hospitalized with laboratory-confirmed influenza.
METHODS
This study was conducted using data from the Centers for Disease Control and Prevention's (CDC) Emerging Infections Program (EIP) influenza hospitalization surveillance system. The EIP network performs active, population-based surveillance for persons hospitalized with laboratory-confirmed influenza in 59 counties in 10 states (California, Colorado, Connecticut, Georgia, Maryland, Minnesota, New Mexico, New York, Oregon, and Tennessee), representing 7% of the US population. Cases were ascertained through review of hospital laboratory lists or admission or infection-control logs. Data on demographic and clinical characteristics were collected from the medical record of each patient. Influenza vaccine information was obtained from the medical chart, state vaccination registry, primary care provider, or patient or their proxy. A patient was considered vaccinated against influenza if the vaccine was received .2 weeks prior to admission. Statin use prior to hospitalization was obtained from the hospital chart: we defined patients who had a statin medication mentioned in their admission history and physical as taking statins prior to hospitalization. Statin use during hospitalization was obtained from review of medication administration records in the hospital chart: we considered patients who had any record of statin administration at any time during their hospitalization as having received statins during their hospitalization. We did not attempt to collect statin dose or frequency either prior to or during hospitalization.
Subjects were included in the surveillance system if they (1) were $18 years at the time of hospital admission, (2) resided in the surveillance area, (3) were admitted to a surveillance area hospital between 1 October 2007 and 30 April 2008, (4) were admitted within 14 days of a positive influenza test, and (5) had evidence of a positive influenza test by at least 1 of the following methods: viral culture, immunofluorescence antibody staining (direct or indirect), reverse-transcriptase polymerase chain reaction, a commercially available rapid diagnostic test for influenza, serologic testing, or a positive, unspecified influenza test noted in the medical chart. Cases were excluded from the surveillance system if the infection was nosocomially acquired (illness onset .3 days after hospital admission) or if the initial hospitalization occurred .14 days after the positive influenza test. Patients were consented when contacted for vaccination history by study personnel if required by site-specific institutional review boards, and those who refused to participate were removed from the analysis data set. The CDC's EIP conducted an audit for the 2007-2008 influenza season to capture any additional deaths that occurred outside the hospital. The audit was performed more than a year after the last hospital discharge in order to ensure complete death ascertainment. Patients who died .30 days after their influenza test were analyzed as having a nonevent. The 30-day cutoff was chosen in order to capture deaths attributable to influenza and due to secondary bacterial infections or exacerbation of chronic illnesses that can occur up to 2 weeks after influenza virus shedding has ended [19] . Other cutoffs were examined (7 days, 14 days, 21 days); patients who died after the cutoff were analyzed as nonevents.
Statistical analyses were conducted using SAS software (version 9.1.3; SAS Institute). Descriptive frequencies, v 2 tests, and
Wilcoxon rank-sum tests were performed to identify demographic and clinical characteristics associated with statin use among patients hospitalized with laboratory-confirmed influenza. Bivariate logistic regression was used to model associations between mortality and dependent variables. Pearson correlation statistics between statin use and other dependent variables were tested. The effect of statin administration prior to or during hospitalization was assessed using multivariable logistic regression; statin use was our a priori variable of interest. Variables that reached statistical significance in bivariate regression and additional variables that we thought could influence the outcome variable were also included in the initial model. Backward deletion methods (P , .05 to stay) identified which variables remained in the preliminary model. Schwarz criterion was used to assess model fit, and variables were placed back into the model if fit improved regardless of whether they met the P value criteria to stay. The covariates in the final model were included in models that examined the 7-day, 14-day, and 21-day mortality thresholds. The protocol was reviewed and approved by the institutional review boards of the CDC and the local EIPs. The protocol was viewed as an extension of surveillance and not research in Maryland and Minnesota.
RESULTS
During the 2007-2008 influenza season, 3071 patients with laboratory-confirmed influenza were admitted to hospitals in the EIP surveillance areas. Twenty-eight surveillance subjects were excluded from this study because they did not consent to the study (n 5 18) or the EIP site did not acquire human investigations committee approval (n 5 10).
The median age for the remaining 3043 patients was 70.4 (interquartile range [IQR], 51.0-82.9), and 56.0% were female. Of those with known vaccination status, over half were vaccinated for influenza (57.1%), and 33.3% were given statin medications prior to or during hospitalization. Demographic characteristics, underlying conditions, vaccination history, and receipt of antivirals are presented in Table 1 for the entire population, for those on statins prior to or during hospitalization, and for those who never received statins prior to or during hospitalization.
The majority of statin users were on statins both prior to and during hospitalization (76%). One hundred eleven patients (11%) were on statins only during hospitalization, and 132 patients (13%) were on statins only prior to hospitalization.
Patients who received statins were more likely to be older, male, and white; to have cardiovascular, metabolic, lung, or renal disease; and to have been vaccinated against influenza. Patients with asthma were less likely to have received statins prior to or during hospitalization.
Among patients hospitalized with laboratory-confirmed influenza, 151 (5.0%) died within 30 days of their influenza test. Thirty-nine percent of the deaths occurred after discharge from the hospital. However, the majority of deaths occurred shortly after discharge; the median number of days until death for deaths occurring after discharge was 7 (IQR, [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] Collinearities between statin use prior to or during hospitalization and other dependent variables were examined, and major collinearities were not identified. Age, race, previous influenza vaccination, asthma, cardiovascular disease, renal disease, and lung disease reached statistical significance in bivariate analysis and were included in the logistic regression model. In addition, variables that we thought could influence the outcome variable (sex, antivirals administered within the first 48 hours of hospitalization, and metabolic disease) were also included in the model.
In our model, statin use was significantly associated with a decreased odds of death (adjusted odds ratio [AOR], 0.59 [95% CI, .38-.92]) while controlling for age, white race (black as referent), cardiovascular disease, lung disease, renal disease, vaccination status, and antiviral use initiated within 48 hours of hospitalization (Table 2) . White race, age, cardiovascular disease, lung disease, and renal disease were all associated with an increase in odds of death. Model fit improved with the inclusion of influenza vaccine and antivirals, even though these variables were not statistically associated with death. This model also resulted in a more conservative estimate of the effect of statins on mortality (when vaccination and antiviral statuses were removed, the AOR decreased to 0.44 [95% CI, .29-.65]). Asthma, chronic metabolic diseases, and sex did not remain in the model.
There were too few patients that had received statins prior to hospitalization only or received statins only during their hospitalization for us to evaluate the impact of statins on mortality separately for these 2 groups. We did evaluate the relationship between statin use and mortality in the subgroup of patients who had all received statins prior to hospitalization (the same population represented in Table 2 but with patients who did not start taking statins until they were hospitalized excluded [n 5 111]) and found similar results (AOR, 0.58 [95% CI, .37-.92]). We also looked at the association between statins and mortality by different lengths of time between influenza test and date of death and found protective results for all 4 time periods in the adjusted models (Table 3 ). The point estimate (OR) was slightly farther from 1 for the narrower lengths of time, but the CIs overlapped for all 4 periods.
DISCUSSION
Our study found that statins were associated with a decrease in odds of dying among cases hospitalized with laboratoryconfirmed influenza when adjusted for age, race, cardiovascular disease, chronic lung disease, renal disease, influenza vaccine receipt, and initiation of antivirals within 48 hours of admission. To our knowledge, this is the first published observational study that evaluates the relationship between statin use among patients hospitalized with laboratory-confirmed influenza and death.
Our findings confirm and add to those of Frost et al and Kwong et al. Frost et al's matched cohort and case-control study [16] used health maintenance organization encounter data to evaluate the relationship between statin therapy and influenza mortality and combined codes for unspecified pneumonia and influenza (International Classification of Diseases, Ninth Revision, Clinical Modification [ICD-9-CM] codes 486-487), whereas our study used a surveillance system for laboratory-confirmed influenza hospitalizations, giving our study less chance for misclassification of disease outcomes. The cohort study published by Kwong et al [17] showed that being prescribed a statin was statistically associated with a decrease in pneumonia hospitalizations and 30-day pneumonia mortality, although the effects were minimal (ORs of 0.92 and 0.84, respectively). Kwong et al's study combined pneumonia and influenza diagnoses into a single outcome (ICD-9 codes 480-487 and ICD-10 codes J10-J18) and did not capture information on use of statin medication during hospitalization; this lack of specificity in determining exposure and outcome may account for the differences in the magnitude of the protective effect of statins compared to our study. A more recent study published by Fleming et al showed no benefit of statin use on incidence of acute respiratory infections in primary care [18] ; however, their study defined statin users by prescription records and did not assess prescription adherence. We make an assumption with our data that self-reported statin use during an admission history by the patient is an accurate assessment of prescription adherence. In addition, we assume that documentation of statin use from medical administration records during the hospital stay is accurate. A more critical difference between our studies may be the disease end points chosen. In Fleming's study, the disease end points included influenza-like illness, acute bronchitis, pneumonia, and upper respiratory infections but did not include more severe sequelae as a result of influenza infection. Statins may be more beneficial at preventing severe disease outcomes, such as death, but may not play a role in reducing incidence of infection or minor illness. Other published studies evaluating the role of statins in decreasing mortality from sepsis and community-acquired pneumonia [4, 5] suggest that our findings are biologically plausible. There are several limitations to this study. First, our cohort of patients may not be representative of all persons hospitalized with influenza because patients not tested for influenza would not have been detected by the EIP surveillance system. In addition, the limited sensitivity of rapid tests also leads to case underascertainment. An earlier evaluation of the EIP pediatric surveillance system estimated the sensitivity of the EIP system for patients ,18 years hospitalized with influenza to be 38% [20] ; the EIP network has not duplicated this type of evaluation in older age groups. A more recent evaluation by the Oregon EIP site conducted during the 2006-2007 influenza season investigated the demographic characteristics of adult patients hospitalized with influenza and pneumonia (ICD-9-CM codes 480-487) who were not tested for influenza during their hospital stay compared with patients with laboratory-confirmed influenza reported to the Oregon EIP (Oregon Public Health Division, unpublished data). The age and sex distribution and the presence of chronic conditions of the 2 groups of patients were not statistically different, suggesting that patients whose influenza virus infection may have gone undetected may not differ significantly from patients reported to the EIP hospitalization surveillance system. Even if patients not captured by our surveillance system differed from those reported to the EIP system, we do not have any reason to suspect that their exposures to statin medications would have systematically differed. Second, our study relied mostly on data available from chart review, limiting the quality of information regarding statin use that we were able to capture, which may have been an issue for the deaths identified as occurring after discharge. All EIP sites reviewed local vital statistics records to determine if any of the hospitalized patients died within 30 days following hospital discharge in an attempt to minimize bias from underascertainment of deaths. However, this practice introduced another potential limitation into our study in that we could not determine exposure to statins after patients were discharged from the hospital; more than one-third of our deaths occurred after discharge. We classified these patients as statin users or nonusers based on their history of statin use prior to or during hospital admission.
In Table 3 , we presented data that showed the OR between statins and death was smallest when the time between influenza e Unknown antiviral initiation excluded (n 5 129).
f Adjusted model (n 5 98).
test and death was shortest (7 days). One must interpret our analysis cautiously because multiple hypothesis testing was performed, which could inflate type 1 error. Furthermore, this trend is not statistically significant because the CIs overlap; however, it may be worth exploring in future studies. Deaths occurring .1 week after the diagnosis of influenza may be more likely due to other causes, creating a misclassification bias that drives the estimate of the OR closer to the null hypothesis.
The third limitation of our study, also related to our use of chart review alone, was that it was difficult to ascertain the underlying functional health status of these patients, which may potentially confound the relationship between statins and severity of influenza. Patients on statins may have better access to healthcare, making statin use a marker for a healthier lifestyle [21] . Since receipt of influenza vaccine could be considered a marker for a healthier status and removing vaccination status from the model influenced the association between statins and death, we retained vaccination status in the model to control for potential confounding between vaccination and statin use and to improve model fit. Also, patients who have better access to care may be less likely to delay seeing their provider and may be more likely to be hospitalized at an earlier, less severe stage of illness than those without access to care who delay seeking care until their symptoms are more severe. However, our statin users were older, appeared to have more underlying conditions, and had longer lengths of stay than nonstatin users, suggesting that their baseline health status may not be better than that of nonstatin users.
And certainly, as with any observational study, there may have been other confounding factors that we were unable to capture through chart review. Our analysis revealed an unexpected finding that white patients had higher odds of dying than black patients. Our race data were not complete, and this may have led to some misclassification issues, or this may indicate a chance finding, selection bias, or an unidentified confounding factor.
Last, we determined from chart review whether patients received statins prior to or during hospitalization, but we did not attempt to collect sufficient data from medication records to track statin use during patients' entire hospital stay. This was a limitation because patients who were mechanically ventilated sometime during their hospital stay would not have been able to take oral statin medications while ventilated. Thus, we cannot classify patients by whether they received statins before, during, or after a period requiring mechanical ventilation. We did not exclude these patients from our final analysis because this group also represents the sickest among patients hospitalized with laboratory-confirmed influenza. We did analyze the data set with mechanically ventilated patients removed, which resulted in a slightly stronger protective association between statins and death (AOR, 0.54 [95% CI, .31-.92]).
Although observational studies evaluating influenza vaccine effectiveness may be subject to selection bias and residual confounding, most studies confirm the benefits of vaccination for reducing mortality from influenza [22] [23] [24] . Our finding that vaccine was not effective in preventing mortality from influenza is likely explained by the timing of our study. We evaluated the impact of statins on influenza mortality in 2007-2008, a year in which the vaccine was not well matched to the circulating viruses [25, 26] , so our finding that statins are more protective than vaccine may not be reproducible in a year when the vaccine provides a good match to circulating strains of virus. In addition, vaccination status may not impact mortality in the event of vaccine failure regardless of match to circulating strains; 50% of our patients were over the age of 70, an age group in which influenza vaccine is known to be less effective [27] .
A recent study by McGeer et al [28] found a significant reduction in mortality among hospitalized patients treated with oseltamivir. Our study did not confirm this finding; although our crude OR for antivirals was mildly protective against death, it was not statistically significant (AOR, 0.80 [95% CI, .53-1.22]). This difference may be due to our differing definitions of antiviral use. McGeer's study defined course of antiviral therapy as those who received $4 doses and continued their therapy during their hospitalization; patients on antivirals who did not meet this criteria were excluded from their study. Our study did not assess duration of antiviral therapy, and we did not require the therapy to continue during hospitalization. Future studies evaluating the role of statins in treating influenza should examine underlying functional status, dose and duration of statin therapy, use of statins in younger age groups, and identification of the most effective class of statins. The issue of a potential benefit of statins would be best addressed in the context of randomized controlled trials (RCTs) and would allow for examination of such issues as dose response, use in younger age groups, and identifying the most effective class of statins. RCTs would also likely be the only method of assessing whether long-term prophylaxis with statins would be a worthwhile strategy in reducing morbidity and mortality from influenza.
Despite their limitations and the need for RCTs before statins can be widely promoted for the treatment of influenza, our findings suggest that statins are a promising area of exploration and could provide a useful adjunct to antiviral medications and vaccine, particularly in settings where circulating influenza virus strains are not susceptible to antiviral medications or vaccine is in short supply or not well matched to circulating viruses.
Notes

